Primary open-angle glaucoma (POAG) is a genetically, physiologically, and phenotypically complex neurodegenerative disorder. This study addressed the expanding collection of genes associated with POAG, referred to as the "POAGome." We used bioinformatics tools to perform an extensive, systematic literature search and compiled 542 genes with confirmed associations with POAG and its related phenotypes (normal tension glaucoma, ocular hypertension, juvenile open-angle glaucoma, and primary congenital glaucoma). The genes were classified according to their associated ocular tissues and phenotypes, and functional annotation and pathway analyses were subsequently performed. Our study reveals that no single molecular pathway can encompass the pathophysiology of POAG. The analyses suggested that inflammation and senescence may play pivotal roles in both the development and perpetuation of the retinal ganglion cell degeneration seen in POAG. The TGF-b signaling pathway was repeatedly implicated in our analyses, suggesting that it may be an important contributor to the manifestation of POAG in the anterior and posterior segments of the globe. We propose a molecular model of POAG revolving around TGF-b signaling, which incorporates the roles of inflammation and senescence in this disease. Finally, we highlight emerging molecular therapies that show promise for treating POAG.
Introduction to glaucoma
Glaucoma is comprised of a group of optic neuropathies that share certain biological and clinical characteristics including progressive loss of the RGCs that causes specific, irreversible changes to the optic disc and visual fields Takamoto and Araie, 2014) . Despite the disease's pervasiveness, its pathogenesis is not completely understood. With the advancement of GWAS, family studies and functional investigation studies over the past few years, significant progress has been made in understanding the molecular basis and complexity of glaucoma. Current reviews of glaucoma genetics primarily based on findings of large GWAS and family studies have highlighted that dysregulation of pathways affecting lipid metabolism, inflammation, autoimmune processes, and oxidative stress may be some of the most important contributors to the development of glaucoma (Gemenetzi et al., 2012; Greco et al., 2016; Janssen et al., 2013) . The pathogenesis of primary-open angle glaucoma (POAG), which is a subtype of glaucoma, involves a wide-range of pathological processes. There are hundreds of genes that may play significant roles in the identified biological processes, and it is becoming necessary to determine how they interact with one another in order to develop targeted therapies in the future.
In this study, we have attempted to establish a large compendium of genes that have been shown to be associated with the five POAG-related phenotypes in order to broadly survey the genetic complexity potentially contributing to POAG. We have performed several iterations of functional annotation and pathway analysis of POAG associated genes to further elucidate lesser known or researched pathways, biological processes, and molecular interactions potentially involved in the development of POAG. We are confident that the gene-glaucoma associations we present may help generate more hypotheses surrounding the genetics of glaucoma and, provide an impetus for the development of further studies to characterize the pathogenesis of this debilitating disease.
Background

Clinical, epidemiological considerations and risk factors for POAG
Glaucoma is one of the most prevalent causes of blindness worldwide, with estimates of over 60 million people affected by the disease (Quigley and Broman, 2006) . POAG is a subset of glaucoma that is progressive in nature, and is characterized by the absence of any apparent obstruction of aqueous outflow through the TM with gonioscopy, but often with elevated IOP (Weinreb and Khaw, 2004) . POAG accounts for about 70% of all glaucoma cases worldwide, and its prevalence has been increasing, likely due to increased awareness and improvements in diagnostic technology (Beidoe and Mousa, 2012) . POAG can have a congenital onset, but the majority of cases occur in adults aged 35 years or older without a clear inheritance pattern (Weinreb and Khaw, 2004 (Gemenetzi et al., 2012) . Closed-angle glaucoma is another glaucoma subtype, which is characterized by restricted angle depth that contributes to increased resistance to aqueous outflow and elevated IOP . As in OAG, most patients are asymptomatic and tend to present only after severe irreversible vision loss has occurred. A large minority of patients with closed-angle glaucoma present with acute primary angle-closure glaucoma, which is extremely painful and can result in a rapid loss of vision without an emergency intervention .
Family history and race are also significant risk factors for the development of POAG. Data from the Baltimore Eye Study suggests that patients with siblings or parents suffering from glaucoma are at significantly higher risk of having POAG, and that this risk is moderately amplified in African-American families (Charlson et al., 2015; Salowe et al., 2015; Tielsch et al., 1994) . Studies have revealed that African-Americans have approximately three times higher age-adjusted prevalence of POAG than European-Americans in the United States (Friedman et al., 2004) . The prevalence of OAG in patients of Hispanic or Latino descent are comparable to that of African-Americans (Varma et al., 2004) . Gender is also an important, but comparatively minor risk factor for the development of glaucoma, with men 1.37 times more likely than women to have POAG (Rudnicka et al., 2006) . Low socioeconomic status has not been shown to be a significant risk factor for the development of glaucoma, but it can compound the severity of the disease, as glaucoma patients of a lower socioeconomic status tend to present later with greater visual field deficits (Tsai et al., 2003) .
Anatomy & related pathology in primary open-angle glaucoma
Anterior and posterior segments of the globe
Aspects of glaucoma's pathology can manifest both within the anterior and posterior segments of the eye. The anterior segment is further subdivided into the anterior and posterior chambers. The anterior chamber is bounded by the cornea anteriorly and the iris posteriorly. The posterior chamber is bounded anteriorly by the iris, and posteriorly by the anterior vitreous face, and its major structures include the lens and the ciliary body. The posterior segment comprises the structures posterior to the suspensory ligaments including the vitreous, retina, and ONH. Fig. 1 displays the important anatomy involved in glaucoma and how pressure affects the eye's delicate structures.
2.2.1.1. Anterior segment: aqueous flow and intraocular pressure. IOP is primarily determined by the relative production and drainage of aqueous humor within the anterior segment of the eye. Aqueous humor is produced by the epithelial cells in the ciliary body and secreted posterior to the iris. Two outflow pathways have been described to explain the flow of aqueous humor produced in the ciliary body: the conventional, and non-conventional (or uveoscleral) pathways. In the conventional pathway, the aqueous humor flows from the posterior chamber, between the iris and lens to enter the anterior chamber (Fig. 1b) . From there it flows through the TM, through the juxtacanalicular connective tissue, into Schlemm's canal, and is absorbed into the episcleral venous system. In the uveoscleral outflow pathway, a fraction of the secreted aqueous humor passes through the ciliary muscle, suprachoroidal space, choroidal vessels, and lymphatic channels (Alm and Nilsson, 2009) . Eyes exhibiting high-tension POAG exhibit increased levels of resistance in the aqueous outflow (Johnson, 2006) . Eyes with POAG have been found to demonstrate increased hyalinization, thickening, and stiffening of the TM, as well as increased signs of oxidative stress and apoptosis. These changes are thought to inhibit aqueous humor outflow (Janssen et al., 2013) .
IOP is known to correlate positively with disease severity, and a decrease in IOP has been shown to reduce progression of POAG (AGIS Investigators, 2000) . Furthermore, IOP seems to also play a role in the development of NTG, as patients diagnosed with NTG still realize a clinical benefit when their "normal" IOP is lowered (Collaborative Normal-Tension Glaucoma Study Group, 1998 ). An understanding of the anatomical determinants of IOP is therefore important to the understanding of POAG.
2.2.1.2. Posterior segment: retina & optic nerve. The retina is an incredibly complex component which contains the retinal pigment epithelium at the sclerad margin, and a neurosensory tissue which functions to convert photons into electrical impulses (Wyszecki and Stiles, 1982) . The neurosensory retina contains 5 basic types of neurons, including, in order from outermost to innermost, rods and cones (photoreceptors), horizontal cells, bipolar cells, amacrine cells, RGCs and the nerve fiber layer (Purves et al., 2004) . Visual information sent from the retina is delivered via the RGCs (Wyszecki and Stiles, 1982) . The RGC axons are supported by glia in the optic nerve head and optic nerve, including oligodendrocytes and astrocytes, which provide important nutritional, structural and immunological support for the RGCs (Butt et al., 2004) . Glia located in the inner retina, including astrocytes and Müller cells, provide similar supportive functions to RGC cell bodies (Johnson and Morrison, 2009 ). Additionally, retinal and optic nerve microglia, which are specialized, resident macrophages, play an important immunological role, and can affect RGC survival by secreting cytokines and neurotrophins (Butt et al., 2004; Perry and Gordon, 1991) .
One of the most important diagnostic factors in glaucoma is an assessment of the ONH. The optic nerve is comprised of the axons of the RGC and surrounding glia. A central "cup" is formed that represents a depression as the axons bend at 90-degree angles to exit the eye. Increased IOP, in combination with other factors, such as inflammation from reactive glia, or impaired axonal transport of neurotrophins, damages the RGC axons at the level of the ONH and may lead to axonal degeneration (Soto and Howell, 2014; Vrabec and Levin, 2007) . RGC death consequently decreases the size of the axonal rim, and increases the size of the optic cup relative to the disc, called "cupping." Neuronal death is ultimately the cause of late-stage visual symptoms in glaucoma, and assessing various ONH parameters such as neuroretinal rim thickness, disk diameter, retinal nerve fiber layer health, cup-to-disc ratio, are some of the most commonly employed tools for monitoring optic nerve health (Spaeth et al., 2002) .
2.2.1.3. Lamina cribrosa. As the optic nerve exits the eye, it passes through the lamina cribrosa, a sieve-like tissue comprised of LC cells and ECM principally composed of collagen fibers. The LC is sensitive to changes in IOP, and may be the primary site of RGC axonal damage in POAG (Crawford Downs et al., 2011; Howell et al., 2007) . It has been hypothesized that with an increase in IOP, the LC deforms, stretching and compressing the encased optic nerve fibers. The LC also exhibits molecular remodeling and pathological changes in the supporting ECM, which may be in reaction to mechanical stretch from elevated IOP, hypoxia, altered TGF-b expression, or other factors that further perturb the environment of glia and RGC axons; although how this relates to axonal damage has not been proven (Pena et al., 2001 ).
The complexity of POAG's genetics, pathogenesis and presentation
Many genome-glaucoma association studies performed in the last decade have revealed several genes that appear to play an important role in the pathogenesis of glaucoma (Janssen et al., 2013) . Functional studies have attempted to uncover some of the important molecular mechanisms implicated in the development of POAG (Iglesias et al., , 2015 Janssen et al., 2013) . While there are several genes associated with early and severe forms of OAG that appear to be caused by a Mendelian inheritance pattern, it has largely been found that POAG is an extremely genetically complex disease, with many genes contributing to its development. Therefore, it is hypothesized that different variants cause alterations in RGCs, making them more or less susceptible to cell death (Dietz et al., 2014; Heijl et al., 2002; Kass et al., 2002; Li et al., 2007) It is also speculated that certain variants compromise the homeostasis of a patient's axon-supporting ONH glia, leading to neuroinflammation or a bottleneck of the axonal transport systems at the ONH (Johnson and Morrison, 2009; Pasutto et al., 2009 ). Additionally, within the anterior compartment, pathological variants could conceivably contribute to TM cells producing disorganized ECM components, contributing to ocular hypertension (OHT) (Libby et al., 2005; Vranka et al., 2015) .
The etiology of POAG remains unclear. The clinical definition of POAG has been a matter of persistent debate, such that there are many clinically unique phenotypes that may be considered as variations of the same disease process, or perhaps entirely different processes leading to related clinical endpoints. These phenotypes include, high tension glaucoma (HTG), NTG, juvenile open-angle glaucoma (JOAG), primary congenital glaucoma (PCG), OHT, and possibly others which have not yet been well characterized.
2.3.1. POAG phenotypes and their ambiguity within the literature HTG, which is often simply referred to as POAG, is characterized by the presence of RGC loss in the setting of OHT (IOP > 21 mmHg). The delineation of "POAG," "HTG," and "NTG" in the literature is often unclear. For example, NTG can be considered to be specific "POAG" phenotype, or may be strictly differentiated from "POAG," when the authors require that "POAG" involves elevated IOP (i.e. a synonym for HTG). In this review, we accommodated the ambiguity found within the literature by deeming the phenotype in question as "POAG" when the study explicitly described HTG or did not include IOP as a defining feature, making the delineation of HTG and NTG impossible.
NTG is a condition where the patient exhibits a normal IOP (10e21 mmHg), and also has clinical signs of optic nerve damage or visual field loss (Kanski et al., 2011) . Except for increased IOP, the risk factors which increase the likelihood of progression for POAG, also contribute to NTG (Kanski et al., 2011) . However, the Collaborative Normal Tension Glaucoma Study concluded that reduction of IOP reduced the progression of NTG (Collaborative Normal-Tension Glaucoma Study Group, 1998) . Therefore, it seems that the optic nerves of patients suffering from NTG have a lower threshold for the development of pressure-induced RGC damage, despite the absence of elevated IOP (Kanski et al., 2011; Mallick et al., 2016; Shields, 2008) .
JOAG is characterized by the presence of POAG in young patients. Typically, patients with disease onset at 40 years or older are excluded from the diagnosis. PCG is found in infants that also presents in a diverse number of ways. It could be argued that PCG should not be included as a POAG phenotype, given that the disease is generally characterized by the presence of severe developmental abnormalities of TM, referred to as trabeculodysgenesis. Some consider PCG to be a form of secondary OAG, however, it is included in this study, as there are a considerable number of family-based studies that have revealed mutations in CYP1B1 in families affected by PCG that also manifest as adult-onset POAG within the same family (Khan et al., 2011a; Vasiliou and Gonzalez, 2008) .
OHT is defined by the presence of elevated IOP without any optic nerve or visual field changes. Approximately 4e7% of U.S. patients greater than 40 years old have elevated IOP, without any signs of glaucomatous optic neuropathy (Kass et al., 2002) . However, these patients are at an elevated risk for developing POAG, and do have evidence of RGC loss (Gyatsho et al., 2008) .
Literature search for gene-POAG associations
Since genome-sequencing technology has become increasingly available and efficient, the number of genes shown to be associated with POAG has grown rapidly over two decades (Rao et al., 2011; Takamoto and Araie, 2014) . Therefore, we adopted a bioinformatics-based approach to compile our collection of genes in order to understand their function and role in pathways associated with POAG. We used DisGeNET, a Integrative Biomedical Informatics Group database, to guide our literature review. DisGeNET compiles gene-disease associations from various sources including primary research articles using a text-mining algorithm, as well as curated databases such as UniProt and The Comparative Toxicogenomics Database (CTD) (Bauer-Mehren et al., 2010 Pinero et al., 2015) . The search terms used in DisGeNET were Unified Medical Language System (UMLS) codes. The following codes were used in our literature search: (1) "glaucoma" (umls:C0017601), (2) "glaucoma, open-angle" (3) "primary open angle glaucoma" (umls:C0339573), (4) "low tension glaucoma" (umls:C0152136), (5) "ocular hypertension" (umls:C0028840), (6) "glaucoma of childhood" (umls:C2981140) for JOAG, and (7) primary congenital glaucoma (umls:C1533041).
There are databases similar to DisGeNET, most notably MalaCards Human Disease Database, which not only reports genedisease associations, but also provides summaries of important therapies and clinical trials for each disease (Rappaport et al., 2013) . However, the primary source retrieval of MalaCards was more limited, and therefore proved less useful for the purposes of this study. For instance, a search for "primary open-angle glaucoma" in Malacards retrieved 33 potentially associated genes, whereas DisGeNET retrieved 168 genes. Additionally, as an example, OPTN was reported to be associated with POAG by both of the databases, however, Malacards retrieved 12 supporting manuscripts while DisGeNET retrieved 44 manuscripts.
We reviewed each of the manuscripts DisGeNET cited as having a gene association with one of the seven terms used. Many of the associations that DisGeNET cited were false, since the text-mining algorithm does not consistently differentiate between phrases such as "MYOC was found to be associated with POAG" and "MYOC was not found to be associated with POAG." There were also true associations that DisGeNET failed to report, especially if a table or figure within a paper cited a significant association that was not repeated in the body of the paper. Additionally, some important POAG GWAS were excluded by DisGeNET, primarily because many of the GWAS were not studying POAG itself, but important POAG endophenotypes and risk factors, such as CCT, CDR, and other optic disc parameters. In order to make sure we were including the relevant GWAS studies we surveyed literature reviews on POAG GWAS and the comprehensive GWAS database, GWAS Central GWAS Central at www.gwascentral.org (Abu-Amero et al., 2015; Beck et al., 2014; Janssen et al., 2013) . Therefore we added 12 GWAS to the 486 papers selected by DisGeNET which added 17 additional genes to our analyses (Fig. 2) . Genes were reported as associated with "POAG" in our study if the study investigating the association looked at patients diagnosed with POAG with IOP 21 mmHg, age 40 years old at diagnosis, or if the IOP or age of the patient population was not clearly described. Genes associated with glaucoma from functional studies were included if the authors studied ocular tissues, protein, or nucleic acid derived from patients with POAG or animal models exhibiting both elevated IOP and optic nerve damage. Genes were reported as associated with "NTG" if the study investigated patients with IOP <21 mmHg at diagnosis. Genes cited in functional studies were deemed associated with NTG if the experimental model comprised patients or animals with optic nerve damage without an elevated IOP. Genes were reported as associated with "JOAG" if the study investigated patients with POAG and the ages of the patients at diagnosis were <40 years old. Genes were associated doubly with NTG and JOAG if the patients were less than 40 years old and had an IOP <21 mmHg at diagnosis. Genes were reported as associated with "OHT" if the study investigated patients or another model system with IOP 21 and there was no evidence of optic nerve or visual field abnormalities.
The GWAS has emerged as popular tool used to associate genomic SNPs with disease risk. However, despite the incredible value of GWAS, only a limited number of extant molecular therapies target the gene products of genes discovered in such studies. This fact highlights the importance of expanding molecular networks beyond GWAS hits to search for other important regulatory interactions (Cao and Moult, 2014) . Therefore, as a general guiding principle for this study, we decided to err on the side of inclusiveness to establish this compendium of genes. We felt this approach would help us compile a more comprehensive collection of genes. This would better to serve as a means to generate more hypotheses by highlighting potentially important, yet understudied loci and genes. We did not include synoptic reviews, or studies looking at secondary forms of OAG, such as pseudoexfoliation glaucoma, or pigment dispersion glaucoma. We did include associations confirmed within meta-analyses. Additionally, studies citing previously discovered gene-glaucoma associations were not included unless the association was confirmed with independent experiments. Additionally, since many different study types were included in this review, we did not set our own thresholds for statistical significance. Instead, we relied upon the individual studies' thresholds for significance when deeming "true" geneglaucoma associations. We also recorded the implicated patient populations and/or animal models investigated from each paper, and classified the studies into two large groups of study types, genetic association studies, and functional studies. We defined genetic association studies as those that identified genomic alterations associated with one of the above phenotypes, such as SNPs, microsatellite markers, and CNVs, and meta-analyses summarizing these findings. Additionally, we defined functional studies as those comprising microarray studies, those which illustrated that the expression of the genes of interest were affected by experimental conditions related to POAG, or that variations in gene expression affected ocular tissues related to POAG in a significant way.
Pathway analysis and functional annotation
Pathway analysis and functional annotation were performed using ConsensusPathDB (CPDB) and Ingenuity ® Pathway Analysis (IPA ® , QIAGEN Redwood City, www.qiagen.com/ingenuity) (Kamburov et al., 2009 (Kamburov et al., , 2011 Tables 1 and  2 ). Supplementary Table 3 includes all of the studies we reviewed from DisGeNET, including those excluded from our pathway analyses. A flowchart summarizing our review process is presented in Fig. 2 , and Fig. 3 shows the number of genes associated with our defined POAG-related phenotypes. 295 (54.8%) genes were found to be associated with the POAG phenotype alone. This is not surprising given that many studies, including this one, broadly define "POAG." 109 (20.3%) genes were associated with OHT alone, most of which derived from functional studies using OHT models to study variation in gene-expression in glaucoma. We attempted to determine the ethnic background of the patient populations studied for each genetic association and found a significant gene-POAG phenotype association (Fig. 4) . Many different specific ethnicities were studied within the genetic-association studies we found citing a geneglaucoma association. We grouped many of the specific ethnicities to reflect the United Nations geoscheme in order to highlight which regions of the globe are over-or underrepresented in glaucoma-genetics research. According to our findings, Europeans are greatly over-represented, while South American and African populations are under-represented, despite their elevated risk for the disease.
In summary, the structure of this review is such that we used DisGeNET (and additional GWAS) to guide our collection of "POAG genes" which were subsequently used to conduct pathway and network analyses with CPDB and IPA. These pathways and networks were viewed as "results" which we then interpreted and discussed through the lens of additional papers surrounding the molecular biology of glaucoma and neurodegeneration, which may have been excluded by DisGeNET. Fig. 2 . Flowchart summarizing the findings of our comprehensive literature review of 904 studies (892 from DisGeNET and 12 from additional GWAS). 542 genes were confirmed to be associated with POAG and related phenotypes. 
Ocular tissue-specific pathway analyses
Lamina cribrosa gene analyses
Sixty-nine genes associated with a POAG-related phenotype were identified in studies using LC cells or tissue. The gene input lists for tissue based analyses are presented in Supplementary  Table 4 . Three of the 10 most implicated pathways according to CPDB analysis are shown in Table 1 . Most of these pathways are related to ECM organization and ECM fiber formation. This finding is expected, given that 59 (85.5%) of these genes were identified in a microarray study performed by Kirwan et al., where their pathway analysis revealed significant overrepresentation of ECM-related genes when comparing gene expression between LC cells from healthy controls and POAG patients (Kirwan et al., 2009) . When the 10 genes that were not identified in this microarray study were analyzed (Supplementary Table 4 ), "ECM organization" was still significantly overrepresented, along with several pathways closely related to the canonical WNT signaling pathway. This seems to confirm that ECM organization within the ONH is an important role of the LC, and suggests that its perturbation may contribute to the pathogenesis of POAG. Indeed, the study performed by Kirwan et al stated that LC cells from patients suffering from POAG tend to produce a pro-fibrotic milieu, perhaps detrimentally affecting the RGC axons passing through the sieve-like LC (Kirwan et al., 2009) .
IPA analysis with all LC genes did not explicitly highlight ECM organization as a top overrepresented pathway. However, as shown in Table 1 , TGF-b1 and b-catenin were found to be the two highest scoring "Upstream Regulators" to the set of input genes. Both 
European
Number of Gene c Associa on Studies Ci ng Gene-POAG Associa on Across Global Ethnic Groups Fig. 4 . This summarizes the number of studies with a confirmed gene-glaucoma association with subjects from several different ethnic populations. We binned ethnic groups roughly according to the United Nations geoscheme. The vast majority of studies were performed in European, Chinese, Japanese, and Indian populations.
Table 1
This table summarizes the pathway analysis results from CPDB for the genes found to be potentially important in the biology of the lamina cribrosa. The CPDB analysis for all of the genes discovered, and those discovered outside of the microarray study by Kirwan et al. are molecules were shown to be tightly related to ECM organization in different ocular tissues. It is reported that b-catenin stimulation effectively inhibited TGF-b2-induced overexpression of laminin, collagen I and collagen IV proteins in TM cells (Villarreal et al., 2014) . Supplementary Fig. 1 reveals the genes found in studies evaluating LC that are regulated by TGF-b1 and b-catenin.
Optic nerve tissue gene analyses
In 10 studies focusing on optic nerve tissue, excluding isolated ONH astrocytes, 62 genes were found to be possibly implicated in the pathogenesis of POAG (Supplementary Table 4 ). As shown in Supplementary Table 5 , CPDB pathway analysis revealed that "cytokine-cytokine receptor interaction" was the most significantly overrepresented pathway, with 24 of the 62 genes from our input list represented in this pathway. Members of the tumor necrosis factor cytokine/receptor superfamily made up 5 of these 24 input genes, specifically, TNF, LTBR, TNFRSF9, TNFRSF11B, and TNFRSF13B. Increased expression of these genes in the optic nerve was associated with greater RGC death in rodent glaucoma models (Howell et al., 2011; Roh et al., 2012) .
The IPA results agreed with CPDB, in that TNF and inflammatory processes were important players in the optic nerve gene set. The top 5 overrepresented canonical pathways from IPA represented inflammatory and immune responses including "Granulocyte Adhesion and Diapedesis," and "Pathogenesis of Multiple Sclerosis" (Supplementary Table 5 ). The top associated network function was "Cell-To-Cell Signaling and Interaction, Cellular Movement, Immune Cell Trafficking." This network reveals that TNF does indeed appear to play a central role in this gene set ( Supplementary Fig. 2 ).
Isolated ONH astrocyte gene analyses
Fifteen genes were implicated in the pathogenesis of POAG from studies using isolated ONH astrocytes (Supplementary Table 4 ). The most significantly overrepresented pathways according to CPDB include "focal adhesion," "cytokine-cytokine receptor interaction," "ECM organization," and "Signaling by VEGF" (Table 2) . Interestingly, TGFB2 was included among the list of candidate genes involved in "cytokine-cytokine receptor interaction" and "ECM organization" (Miao et al., 2010; Zode et al., 2009) . IPA for the ONH astrocyte gene set confirmed TGF-b signaling as a significantly overrepresented biological process, and showed that targets of the transcription factors, SP1 and ZNF652, were significantly overrepresented in our gene set (Table 2 ). SP1 is required for the induction of certain TGF-b-regulated events in cancer, including angiogenesis and cell survival, and is overexpressed in cortical neurons experiencing oxidative stress (Ellenrieder, 2008; Jungert et al., 2007; Ryu et al., 2003; Solomon et al., 2008) . ZNF652 represses the transcription of TGFB2, TGFBR2, and SMAD2, potentially playing a key role in the TGF-b signaling cascade (Kumar et al., 2011; Neilsen et al., 2013) . IPA also revealed "Cardiovascular System Development and Function, Cellular Movement, Cellular Development" as the most highly associated network function for the ONH astrocyte gene set. Fig. 5 reveals that many of the molecules from the ONH astrocyte gene set act directly or indirectly act on the NFkB complex, which has been shown to play an important role in gliosis and subsequent neurodegeneration in Parkinson's disease and Alzheimer's disease again suggesting that inflammation and the stress response may be important players within the ONH astrocytes during the pathogenesis of POAG (Blesa and Przedborski, 2014; Hayden and Ghosh, 2012; Salminen et al., 2009 ).
Retina & RGC gene analyses
Twenty-one functional studies focused on retina tissue and retinal progenitor cells, but not isolated RGCs. 47 genes were associated with model systems exhibiting OHT, POAG, or NTG phenotypes (Supplementary Table 4 ). The most strongly associated pathways with this gene set appeared to fall within a wider theme of cell-cycle regulation, with "IL6-mediated signaling events," "Oncostatin M Signaling Pathway," "Cellular Senescence," and "Apoptosis Modulation and Signaling" (Table 3) . Many of the genes involved in these pathways, like JUN, FOS, CDKN2A, and TP53, were upregulated in experimental rodent models of glaucoma (induced OHT, optic nerve transection), and likely contribute to glaucoma's characteristic optic nerve atrophy by inducing apoptosis in RGCs or the supporting retinal glia (He et al., 2013; Yang et al., 2007) .
We identified 24 studies citing associations between 32 genes and POAG phenotypes focusing on genetic alterations specifically seen in RGCs (Supplementary Table 4 ). Some of the pathways included "SHP2 signaling," "BDNF signaling pathway," "Apoptosis," and "p75NTR regulates axonogenesis", suggesting broader themes involving neuronal survival and development (Table 3) . While the SHP2 gene itself was not within our RGC gene set, "SHP2 signaling" was the most significantly overrepresented pathway. Cai et al. reported that Shp2 ablation in mice triggered apoptosis in all retinal cell types, which could be reversed by constitutively activating Kras signaling, revealing that the Ras-MAPK signaling pathway may play an important role in RGC survival (Cai et al., 2011) . This agrees with our pathway analysis as the "Ras signaling pathway" and "MAPK signaling pathway" were the 10 t h and 12 t h most overrepresented pathways in our gene set, respectively.
IPA of the RGC genes largely agreed with CPDB's outputs (Table 3) . "Axonal Guidance Signaling" and "Neurotrophin/TRK Signaling" were the 1st and 3rd top associated canonical pathways in the RGC gene input list, respectively. The top 5 associated diseases and biological functions included "neurological disease," "connective tissue disorders," and "inflammatory disease." Additionally, the most strongly associated upstream regulators, were AP1 and NFkB, important inflammatory regulators. The top associated network for this gene set was entitled "Cell Death and Survival, Nervous System Development and Function, Tissue Morphology" (Fig. 6 ).
Trabecular meshwork gene analyses
Forty-nine studies were identified which cited associations with 139 genes involved in TM physiology (Supplementary Table 4 ). The top overrepresented pathways within this gene set include "AP-1 transcription factor network," "Senescence and Autophagy in Cancer," "TGF Beta Signaling Pathway," "Copper Homeostasis," and "Extracellular matrix organization" (Table 4 ). This collection of pathways suggests that ECM regulation and cell-cycle regulation are important processes within the TM in POAG-related phenotypes such as OHT and HTG. It is important to note that 79 (56.8%) of these POAG-associated genes were exclusively found in a microarray study comparing gene expression profiles between steroidtreated and untreated TM cells in an attempt to model OHT conditions (Supplementary Table 3 ) (Fan et al., 2008) . We repeated pathway analysis without these 79 genes to avoid study bias and discovered that the "TGF Beta signaling pathway," "extracellular matrix organization," and "Senescence and Autophagy in Cancer" remained in the top 10 most overrepresented pathways.
The top upstream regulators identified for this gene set included TNF, TGFB1, TP53, and P38 MAPK, and the top associated network was "Tissue Development, Cardiovascular System Development and Function, Organismal Development" (Fig. 7) . When the genes discovered only in the Fan et al. microarray study were removed, TGFB1, P38 MAPK, TNF, and NFkB were the top upstream regulators and "Cellular Movement, Cell Death and Survival, Cellular Development," became the most associated pathway. The above findings highlighted the importance of the TGF-b signaling cascade and its association with ECM regulation in the TM. Several of the studies we reviewed described various pathological effects TGF-b has on TM cells. For instance, treating TM cells from healthy donors with TGF-b2 resulted in a phenotype similar to that seen TM cells derived from patients with POAG, such as increased ROS production, elevated ECM component expression, and higher rates of cellular senescence (Fatma et al., 2009; Yu et al., 2010) . It is thought that persistent ECM turnover and remodeling is important for the proper functioning of the TM and for maintaining adequately low resistance to aqueous outflow (Acott and Kelley, 2008; Vranka et al., 2015) . Therefore, we infer that perturbation of balance of ECM biogenesis, such as TGF-b-induced TM cell senescence or ECM overexpression, could result in the development of OHT, eventually leading to glaucoma. Several studies pursuing functional gene interactions in POAG limited the number of genes they analyzed to a select few following a stricter exclusion criteria. Most notably, in the study by Janssen et al, 2013 over 60 genes were deemed to be likely POAG candidates, on which IPA core analysis was performed. The top four networks produced by IPA were entitled: (1) "Small molecule biochemistry, molecular transport, cardiovascular system development and function," (2) "Cell morphology, lipid metabolism, molecular transport," (3) "Tissue morphology, visual system development and function, embryonic development,: (4) "Ophthalmic disease, cell cycle, connective tissue development and function " (Janssen et al., 2013) . To draw comparisons with our data, we performed CPDB pathway analysis on this gene set (Supplementary Table 6 ) and found that the most significantly overrepresented pathways were "Nuclear receptors Metapathway," "MAPK signaling," "Legionellosis," "NFkB signaling pathway," and "Spinal cord injury" (Supplementary Table 7) . Additionally, the top upstream regulators of their gene set included LDL, estrogen receptor, IL18, and SP1 (Supplementary Table 7) . Overall these findings agree with many of our findings, suggesting molecular networks associated with inflammation and cell cycle regulation are important in the pathogenesis of POAG.
Before investigating larger POAG candidate gene networks, we also performed analyses on more exclusive gene sets with greater numbers of genes associated to the disease. We selected 51 genes associated with POAG, NTG, OHT and related endophenotypes (CCT, CDR, disc size) that had been implicated in GWAS (Supplementary Table 6 ). The most strongly associated pathways for this gene set using CPDB pathway analysis included the "glucocorticoid receptor pathway," "RXR and RAR heterodimerization with other nuclear receptor," "TGF beta signaling pathway," and "NRAGE signals death through JNK" (Supplementary Table 8 ) Additionally the top upstream regulators included NPC1 (NPC Intracellular Cholesterol Transporter 1), estrogen receptor, and NR1H (also known as an LXR for liver X receptor).
The top associated network constructed by IPA was entitled "Lipid Metabolism, Molecular Transport, Small Molecule Biochemistry" (Supplementary Fig. 3 ). Again, these findings suggest that inflammation and cell cycle, cholesterol metabolism and steroid hormone signaling may play important roles in glaucoma. The RXRA gene, which was included in several of CPDB's pathways, interacts with the upstream regulator NR1H (or LXR) to regulate lipid metabolism, inflammation, and macrophage activation (Costet et al., 2000; Korf et al., 2009) . RXRA was included in the gene input list as several GWAS have identified SNPs within the 9q34.2-q34.3 region between genes RXRA and COL5A1 (Cornes et al., 2012; Hoehn et al., 2012; Vithana et al., 2011) . While this association does not provide sure evidence that either of these genes play a role in the development of POAG, it is interesting to note that within IPA network one of this gene set, RXRA is shown to induce expression of ABCA1 when it dimerizes with LXRa in cholesterol-loaded macrophages ( Supplementary Fig. 3 ) (Costet et al., 2000) . RXRA also triggers the expression of TNF-a, another important POAG locus when it dimerizes with LXR in response to elevated cholesterol levels (Landis et al., 2002; Zhang et al., 2002) . Finally, we were intrigued to find that NRAGE signaling has been implicated in RGC apoptosis (Lebrun-Julien et al., 2010) . Specifically, Müller cells in mice null for NRAGE produce significantly less TNF-a, leading to reduced RGC death (Lebrun-Julien et al., 2010) .
Next we only analysed those genes that have been found to have an association with a POAG phenotype (including NTG, HTG, OHT, PCG, JOAG and related endophenotypes) in at least one functional study and one genetic-association study. This gene set consists of 30 genes including well known POAG loci such as CDKN2B, OPTN, MYOC, and CYP1B1 as well as lesser studied genes such as CDH11 and BMP7 (Supplementary Table 6 ). The top scoring pathways from CPDB included "Spinal Cord Injury," "AP-1 transcription factor network," "Activation of Matrix Metalloproteinases," "Extracellular Matrix Organization," and "Oncogene Induced Senescence" (Supplementary Table 9 ). "Activation of Matrix Metalloproteinases" and "Extracellular Matrix Organization" were primarily built upon genes which have not been implicated in GWAS, including MMP1, MMP2, MMP9, and COL18A1. However, several candidate gene studies and functional studies have shown that they may play a role in tissue remodeling in both the TM and ONH (Supplementary  Tables 1 and 2 ) (Guo et al., 2012; Majsterek et al., 2011; Markiewicz et al., 2013; Rudzinski et al., 2008; Wiggs et al., 2013) . Interestingly, the top associated diseases to this gene set were POAG and osteoarthritis, and the two top upstream regulators for this gene input list were TERT (telomerase reverse transcriptase) and TGFB1 (Supplementary Table 9 ). Dysregulation of TERT (telomerase reverse transcriptase) has been shown to be involved in the pathogenesis of chronic inflammatory states, and also has an important role in regulating apoptosis and cellular senescence Kordinas et al., 2016) . Limited research has been performed to determine the specific role of TERT in neurodegenerative diseases, however, there is some evidence that the absence of TERT in microglia and hippocampal neurons may increase the risk of the development of tauopathies, like Alzheimer's disease (Spilsbury et al., 2015) . The highest scoring IPA network for this gene set, "Cellular Development, Connective Tissue Development and Function, Tissue Development," ( Supplementary Fig. 4 ) revealed important interactions between inflammatory regulators, such as TNF-a, and IL1B with the PI3K complex, through which these cytokines activate the NFkВ complex (Reddy et al., 1997 (Reddy et al., , 2000 . We also combined the GWAS and functional-genetic association study overlap gene sets, expanding the input set to 75 genes, and performed IPA and CPDB pathway analysis (Supplementary Table 6 ). Mostly, the results were very similar to the GWAS and functional-genetic association overlap analyses. According to IPA, the most highly associated diseases to this gene set were glaucoma, connective/soft tissue tumors, calcific aortic valve stenosis, diabetes mellitus, and osteoarthritis further suggesting that the genes were important in ECM organization, cell cycle regulation, and inflammation. The most highly associated pathways from CPDB also included "Validated transcriptional targets of AP1 family members Fra1 and Fra2," "Spinal cord injury," and "Activation of Matrix Metalloproteinases" (Supplementary Table 10 ). The Fra1 and Fra2 transcription factors are important regulators of ECM remodeling, fibrosis, and inflammation (Karreth et al., 2004; Rajasekaran et al., 2013) . The top upstream regulators for this gene input list included TERT, TGFB1, and the estrogen receptor (Supplementary Table 10 ). In the animal model studies of spinal cord injury it is reported that administration of estrogen results in the upregulation of antiinflammatory cytokines, and the down-regulation of pro- 9.89e-22 inflammatory cytokines, including IL-1b and TNF-a (Samantaray et al., 2011; Shivers et al., 2015) . We find these findings interesting since these models are similar to the optic nerve transection and crush models of glaucoma, and epidemiological evidence suggests that estrogen shows therapeutic potential for POAG in the future (Dewundara et al., 2016) . The highest scoring IPA network for this gene set was "DNA Replication, Recombination and Repair, Cell Cycle, Cellular Development" (Supplementary Fig. 5 ). This network portrayed significant molecular convergence onto the NFkB complex and TP53 which interacted with important POAG GWAS loci involved with cell cycle regulation, senescence, and inflammation such as TGFBR3, CDKN2B, CDKN2B-AS1, and OPTN.
To cast a wider "gene net" and highlight other potentially implicated molecular networks and pathways that may have been overlooked with our stricter inclusion criteria, we also performed pathway analyses on 360 genes thought to be associated with the POAG phenotype from a total of 331 genetic-association and functional studies (Supplementary Table 6 ). The most overrepresented pathway according to CPDB was "extracellular matrix organization." Other highly overrepresented pathways included "cytokine-cytokine receptor interactions," "Senescence and Autophagy in Cancer," and "Spinal Cord Injury" (Table 5) .
IPA analysis of all 360 genes revealed that TNF, TGFB1, SP1, the NFkB complex, and ERBB2 (also known as HER-2/neu) were the top 5 upstream regulators (Table 5) . Additionally, various neoplasms, connective tissue disorders, inflammatory diseases, and dementias (including Alzheimer's disease) ranked among the most strongly associated diseases according to IPA analysis. Similar to our more exclusive analyses, these results also appear to suggest that, ECM organization and inflammatory cytokine signaling might be important processes in POAG's pathophysiology. However, the top associated network for this gene set, entitled "Cell Cycle, Skeletal and Muscular System Development and Function, Cellular Development" (Fig. 8) highlighted connections well known POAG loci have with molecules which have not been as closely studied within the realm of glaucoma research. For instance, this network shows how TGF-b signaling promotes the expression of the proteoglycan versican (VCAN) and the enzyme encoded by PLOD2, a membrane-bound enzyme responsible for catalyzing collagen crosslinking during fibrosis (van der Slot et al., 2003) . VCAN was included in the gene input set since two separate functional studies have shown that its expression is significantly upregulated in LC cells from POAG patients compared to LC cells from healthy controls (Kirwan et al., 2009; Luo et al., 2013) . PLOD2 was also included since it was found to be upregulated in LC cells from patients with POAG (Luo et al., 2013) . Interestingly, both VCAN and PLOD2 have been found to be associated with ocular disorders like Wagner syndrome (Brezin et al., 2011; Kloeckener-Gruissem et al., 2006; Rothschild et al., 2013) and Axenfeld-Rieger syndrome (Holmberg et al., 2004; Weng et al., 2008) respectively, other than POAG. VCAN was of particular interest to us as there is a growing body of evidence that its upregulation promotes an inflammatory response and may play a role in the pathogenesis of neurodegenerative processes ) VCAN can promote inflammation and senescence in a number of ways, such as activating monocytes, promoting the expression of TNF-a, and concentrating TGF-b levels in the extracellular space (Choocheep et al., 2010; Kim et al., 2009; Zhang et al., 2012) . Overall, we found including the lesser known genes with cited associations to POAG yielded extremely interesting results which may influence our future research interests in unraveling the relationship between optic nerve degeneration and inflammation.
Normal tension glaucoma gene analyses
We analyzed 65 genes that had been associated with either POAG or NTG in a GWAS or in both a functional study and genetic Table 6 ). Had NTG been considered alone, this gene set would have been too limited to retrieve significant results from CPDB or IPA. The top pathways from CPDB included "Proteoglycans in cancer," "Spinal cord injury," "Cell cycle: g1/s checkpoint," and "RXR and RAR heterodimerization" (Supplementary Table 11 ). IPA's top upstream regulators included PROC (protein C), the estrogen receptor, and TERT (Supplementary  Table 11 ). Protein C is best known for its role in anticoagulation, but also serves an anti-inflammatory role and can reduce apoptosis in response to ischemia and inflammation in endothelial cells (Esmon, 2003) . IPA's top associated diseases and bio-functions included "Steroid metabolism," "Familial glaucoma," and "Formation of the eye" and the top scoring IPA network was entitled "Respiratory System Development and Function, Tissue Morphology, Lipid Metabolism" (Supplementary Fig. 6 ). This network included several top POAG genes including CARD10, OPTN. TNF, ABCA1, APOE, and TLR4. There was significant convergence upon TNF-a, Ap1, ERK (Extracellular Signal-Regulated Kinase), and IL12 within this network. Persistent activation of ERK may contribute to neurodegeneration, and ERK pathway inhibition has been associated with lower rates of RGC death (Colucci-D'Amato et al., 2003; Luo et al., 2007; Subramaniam et al., 2004) Mice deficient in an IL12 subunit have been shown to be resistant to the development of autoimmune responses to joint and retinal antigens (Teng et al., 2015) . Our analysis suggests that many of these genes have roles in apoptosis, inflammatory responses, and cell cycle regulation. We expanded our NTG analyses to include all 95 genes with associations to the NTG phenotype in all of the reviewed functional and genetic-association studies (Supplementary Table 6 ). CPDB analysis revealed "MAPK Signaling," "Fc epsilon RI signaling pathway," "Pathways in Cancer," and "estrogen metabolism" to be the most overrepresented pathways (Table 6 ). GO analysis revealed significant associations of NTG with processes involved in nervous system development and the cell cycle including: "system development," "cell differentiation," "neurogenesis," "nervous system development," and "neuron differentiation." ECM organization and inflammatory processes, which were highly represented in the POAG phenotype appeared to be less important in NTG.
IPA agreed with CPDB's analysis. Fc epsilon RI signaling was also represented in IPA's top 5 most associated canonical pathways. FcεRI is a mast cell receptor for the Fc component of IgE. Optic nerves subject to traumatic, vaso-occlusive, or inflammatory processes have significantly higher optic nerve mast cell levels compared to healthy control optic nerves (Levin et al., 1993) . More recently it has been discovered that elevated IgE titers in relation to cockroach and cat allergens are associated with a significantly higher risk of glaucoma (angle status was not specified) (Tseng et al., 2015) . The top 5 most implicated upstream regulators were: NPC1, a cholesterol trafficking regulator; ESR1, an estrogen receptor; CDKN2B-AS1, a long non-coding RNA; CBX8, a polycomb group protein; and DIAPH1, an actin polymerization and neurite outgrowth regulator (Table 6 ). This diverse set of upstream regulators suggests that there is a diverse and complex array of biological processes implicated in the development of NTG.
The two most associated networks from IPA also reflected this molecular complexity. Network 1 was entitled "Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral Metabolism" (Supplementary Fig. 7 ). This network included 5 genes which had been previously cited as major POAG-loci: APOE, CAV1, CAV2, OPA1, and CYP1B1 (Janssen et al., 2013) . Network 1 appears to reveal a central role of TP53, which is understandable since the upregulation of TP53 has been associated with increased RGC death (Nickells, 1999) . Additionally, there is a high degree of overlap between several of the molecules within this network, and important contributors in the pathogenesis of Alzheimer's disease.
The APOE and ABCA1 genes have both been associated with Alzheimer's disease and POAG, and are shown to interact with one another in Network 1 (Ananth et al., 2014; Liu et al., 2013) . Ingenuity highlighted several studies which indicate that ABCA1 is needed for the proper metabolism of ApoE in the brain and Table 7 Relationships between the various insults leading to the inflammatory-senescent phenotype and genes implicated in POAG which may contribute to the development, amplification, or modification of these insults. Each of these genes can be found in either Supplementary Table 1 ABCA1, APOE, CAV1, CAV2, GHRL, GHSR, ESR1, ESR2 (Fyhrquist et al., 2013; Thirumangalakudi et al., 2008) Hormonal Disturbances -Treating astrocytes with high dose E2 reduces LPS-induced activation of NFkB. -Microglia treated with E2 express less TNF-a when exposed to LPS. -Estrogen replacement can reverse neuronal senescence as marked by dendritic spine restoration in oophorectormized rats.
ESR1, ESR2, CYP1B1, COMT, AKR1C4, AKR1D1, CYP17A1, CYP1A1, CYP1A2, CYP3A4, HSD17B1, STS (Dimayuga et al., 2005; Dodel et al., 1999; Hof and Morrison, 2004) Oxidative Damage -Oxidative stress activates inflammatory regulators like NFkB and AP-1. -Activated microglia contribute to oxidative damage in neuroinflammatory processes. -Oxidative stress triggers premature cellular senescence, hydrogen peroxide is used to induce senescence for in vitro models.
GSTM1, GSTT1, GSTP1, MTHFR, NOS2, NOS3 (Chen et al., 2007; Reuter et al., 2010) Neurotrophin Imbalance -Neurotrophins attenuate inflammation in the CNS and various other tissues. -Neurotrophins inhibit the development of senescence in cortical neurons.
BDNF, NGF, NTF4, NGFR, NTRK1, NTRK2 (Sato et al., 2001; Wei and Jonakait, 1999) Misfolded Proteins -Misfolded protein accumulation can trigger the inflammasome and production of pro-inflammatory cytokines.
-The unfolded protein response (UPR) may be a driver or consequence of cellular senescence. (Martinon and Aksentijevich, 2015; Pluquet et al., 2015) preventing plaque formation and neurodegeneration (HirschReinshagen et al., 2004; Wahrle et al., 2004) . The role of APOE in the pathogenesis of Alzheimer's disease is well established. The ε4 allele of APOE is the primary genetic risk factor for Alzheimer's disease . The ε4 allele has also been associated with increased odds for developing POAG in certain ethnic groups, most notably in individuals of East-Asian descent, which is interesting given that Japanese patients harboring the ε4/ε4 genotype appear to be at the greatest risk for developing Alzheimer's disease when compared to individuals of African, Hispanic, or European descent with the same genotype (Farrer et al., 1997; Liao et al., 2014; Wang et al., 2014) . The role of the ε4 allele in the development of POAG is not established in POAG, however as we can see in the Network 1, that the molecular similarities between these two diseases go beyond APOE. ABCA1 encodes for a cholesterol efflux transporter, which has been shown to play a role in Alzheimer's disease and ocular diseases, including HTG and NTG (Ananth et al., 2014; Chen et al., 2014b; Liu et al., 2013) . ABCA1 maintains cellular cholesterol homeostasis, by transferring cholesterol from cells (including neurons and glia) to the HDL molecule Phillips, 2014) . ABCA1 lipidates the APOE peptide, forming the APOE lipoprotein, which in turn plays a role in clearing amyloid-b from neuronal tissues . Variants near ABCA1 have been shown to be significantly associated with the incidence of HTG, NTG, and OHT (Chen et al., 2014b; Hysi et al., 2014) . Additionally, ABCA1 is expressed throughout the eye, including in RGCs, but to our knowledge no functional studies have been performed to determine how ABCA1 expression is directly related to the health of the optic nerve (Ananth et al., 2014; Gharahkhani et al., 2014) . However, it has been shown that reduced expression of ABCA1 leads to accumulation of retinal cholesterol, and is associated with a proinflammatory state, contributing to the development of dry AMD in rodent models (Ananth et al., 2014) . This lends credence to the idea that disruption of ABCA1 functionality could contribute to optic nerve inflammation and subsequent RGC death.
MYOC, OPTN, SNCG
CAV1 and CAV2 were also included in Network 1 of our NTG gene set analysis. CAV1 codes for Caveolin-1, which is an integral membrane protein that binds cholesterol and helps form lipid rafts. CAV2 encodes for Caveolin-2, which is a protein associated with CAV1 intracellularly (Williams and Lisanti, 2004) . Variants within the CAV1/CAV2 region have been associated with NTG and HTG in various ethnic populations Thorleifsson et al., 2010) . Functional studies have shown that silencing of CAV1 and CAV2 results in improved outflow through the TM (Aga et al., 2014) . The caveolins appear to play an important role in glial cells, particularly astrocytes and microglia (Parat and Riggins, 2012) . In astrocytes, CAV1 contributes to Ab-induced cellular processes, including cholesterol efflux (Parat and Riggins, 2012) . Additionally, Cav1 knockout mice have significantly higher rates of microgliosis and astrogliosis and more rapid onset of neurodegenerative processes (Head et al., 2010; Niesman et al., 2014) .
Network 2 from IPA analysis of the NTG gene set was entitled "Free Radical Scavenging, Glomerular Injury, Organismal Injury and Abnormalities" (Fig. 9) . This network included 6 major POAG-loci: WDR36, CDKN2B, CDKN2A, CDKN2B-AS1, TLR4, and OPTN (Janssen et al., 2013). One of the primary reasons we chose to highlight this pathway, was that it was one of the few to depict the interaction between the 3 major genes within the 9p21 chromosomal region, CDKN2A, CDKN2B, and CDKN2B-AS1. These genes have been consistently shown to be associated with the development of glaucoma in several GWAS and genotyping studies (Janssen et al., 2013; Ng et al., 2014) . CDKN2B-AS1 encodes a long non-coding RNA (termed CDKN2B-AS1 or ANRIL) that is transcribed in the antisense direction of the CDKN2A-CDKN2B gene cluster, which encodes p16 (CDKN2A) and p15 (CDKN2B) proteins (Holdt et al., 2013; Jarinova et al., 2009; Visel et al., 2010) . All the three genes have been found to be expressed within most of the ocular tissues involved in the pathogenesis of glaucoma, including the TM, ciliary body epithelial cells, retina, and optic nerve (Burdon et al., 2012; Wagner et al., 2013) .
Functional studies on CDKN2B-AS1 have focused on its potential role in cancer and atherosclerosis, which have revealed important regulatory functions of CDKN2B-AS1 on CDKN2B and CDKN2A. Yu et al found that CDKN2B-AS1 overexpression caused epigenetic silencing of CDKN2B in acute lymphoblastic leukemia and acute myeloid leukemia leukocytes (Yu et al., 2008) . In coronary artery disease, Jarinova et al. discovered that patients with higher levels of CDKN2B-AS1 isoforms expressed significantly lower levels of the tumor suppressors CDKN2B and CDKN2A, confirming a reciprocal cis-acting regulatory relationship between these 3 genes (Jarinova et al., 2009 ). Chen et al. found that CDKN2B-AS1 appears to play an important role in TGFb1 signaling, such that it likely inhibits TGFb1-induced cell cycle inhibition by blocking SMAD signaling and contributing to the downregulation of CDKN2B (Chen et al., 2014a) . This supports the idea that neuroinflammation is contributing to RGC or glial death and senescence during the pathogenesis of glaucoma.
NFkB also appears to have an important role in this pathway. TLR4 and OPTN are genes implicated in POAG by various genetic association studies, and shown as direct neighbors to the NFkB complex in Network 2 (Janssen et al., 2013). Over a decade ago, Rezaie et al. published their findings that several SNPs within OPTN were associated with NTG (Rezaie et al., 2002) . OPTN plays a significant role in a negative feedback loop for TNF-a-induced NFkB activation. Therefore, a mutation hindering OPTN's functionality could result in relatively uncontrolled TNF-a and NFkB-mediated gliosis and neuronal cell death (Ying and Yue, 2012) . In 2013, Minegishi et al. discovered that transgenic mice harboring the E50K OPTN mutation developed NTG associated with marked retinal gliosis (Minegishi et al., 2013) .
TLR4 is a toll-like receptor, which has been found to be potentially implicated in the development of POAG in several geneticassociation studies across different ethnic populations (Janssen et al., 2013) . TLR4 plays a role in activating the innate immune system in response to pathogen-associated molecular patterns (PAMPs), like lipopolysaccharide (LPS), or damage-associated molecular patterns (DAMPs) such as HMGB1 (a chromosomal protein released by cells during a stress response). Secreted HMGB1 is highly pro-inflammatory and has been associated with RGC death (Forte et al., 2014; Schallenberg and Thanos, 2009 ). Activation of TLR4 results in the activation of the NFkB complex, which promotes gliosis and the production of a pro-inflammatory cytokine milieu (Kigerl et al., 2007) .
Ocular hypertension gene analyses
CPDB pathway and IPA analysis on the 30 genes associated with OHT or IOP in genetic association studies alone ( Supplementary  Table 6 ) showed that the most overrepresented pathways included "corticosteroids and cardioprotection," and "visceral fat deposits and the metabolic syndrome" (Supplementary Table 12 ). Of note, some of the most prominent glaucoma GWAS hits were represented in the process "regulation of anatomical structure morphogenesis," including MYOC, CYP1B1, WDR36, and GAS7. IPA analysis using the genes associated with OHT or IOP in geneticassociation studies, showed the top associated network as "Skeletal and Muscular System Development and Function, Hereditary Disorder, Ophthalmic Disease" (Supplementary Fig. 8 ). The top POAG GWAS genes in this pathway included: CAV1, CAV2, MYOC, CYP1B1, and TNF (Janssen et al., 2013 ). An interaction we found particularly interesting was that between TNF (TNF-a), ADRB2 (b2 adrenoreceptor), and CYP1B1 (Cytochrome P450 Family 1 Subfamily B Member 1). CYP1B1 is important in xenobiotic and estradiol metabolism, and has recently been found to be a regulator of cell proliferation in cancer cells (Kwon et al., 2016) . It has also been noted that in astrocytes, b2-adrenergic signaling inhibits TNFa-mediated activation of NFkB, which reduces astrogliosis (Laureys et al., 2014) . Since TM cells have physiologic similarities to smooth muscle cells, such as relaxing in response to b-agonists, it is possible that chronic exposure to TNF-a and TGF-b may reduce TM cell responses to endogenous catecholamines, contributing to OHT (Wiederholt et al., 2000) . Overall, these results suggest that TGF-b and TNF-a signaling contribute to physiological disruptions in both the trabecular meshwork and optic nerve.
Expanding our inclusion criteria, we found thirty-nine genetic association and functional studies citing an association between 147 different genes and the OHT phenotype (Supplementary Table 6 ). When all 147 genes were included in CPDB, the most overrepresented pathways included "AP-1 transcription factor network," "Spinal cord injury," "TNF signaling pathway," and "Rheumatoid arthritis" (Supplementary Table 12 ). IPA analysis of these genes revealed that the most significantly associated upstream regulators included the NFkB complex, COL18A1, and TNF (Supplementary Table 12 ). Additionally, the most highly associated disorders with this gene set were "neurological disease" and "skeletal and muscle disorders," which seemed to partially coincide with CPDB's results. The top associated network for this gene set was "Organismal Injury and Abnormalities, Reproductive System Disease, Cardiovascular System Development and Function" (Supplementary Fig. 9 ). This network included the major POAG GWAS hits CAV1 and CAV2 and involved a diverse set of genes involved in a myriad of different physiological functions. CAV1 is needed for the mechanosensitive activation of Akt in vascular smooth muscle cells in response to increased tensile stretch experienced during essential hypertension (Kaimoto et al., 2010) (Xue et al., 2007) . In TM cells, elevated OHT also activates Akt, which in turn activates matrix metalloproteinases (MMPs). The Akt-MMP2 interaction is represented in the IPA network ( Supplementary Fig. 8 ). MMPs play a central role in ECM turnover, which reduces resistance to aqueous outflow and can serve as a counter-mechanism to IOP elevation (Zhavoronkov et al., 2016) . In light of above studies, it is likely that caveolins and the PI3K-Akt pathway plays a pivotal role in TM physiology and contribute to the pathogenesis of POAG and OHT.
Among the 147 OHT genes, 81 genes were discovered in a microarray study comparing gene expression between steroidtreated and untreated TM cells to study OHT and POAG (Fan et al., 2008) . We repeated the analysis after removing the 81 genes (Supplementary Table 6 ). The top scoring network from IPA was "Hereditary Disorder, Ophthalmic Disease, Organismal Injury and Abnormalities" (Supplementary Fig. 10 ). The major POAG GWAS loci included in this network were: CYP1B1, MYOC, OPTN, CAV1, CAV2, and WDR36. The network tended to converge upon the NFkB complex, but we found several of the interactions between the "estrogen receptor" and other molecules in the network to be interesting, especially given that elevated estrogen levels in women have been associated with lower IOP (Wei et al., 2012) . Upon investigating interactions between estrogen and TGF-b, we found Fig. 9 . "Free Radical Scavenging, Glomerular Injury, Organismal Injury and Abnormalities." This was the second most associated network according to IPA core analysis of the NTG gene input set which included all 95 genes from functional and genetic association studies investigating the NTG phenotype. We highlighted CDKN2A, CDKN2B, and CDKN2B-AS1 in magenta, all of which have been highlighted in POAG GWAS'. Other important POAG GWAS loci in this network include TLR4, WDR36, and OPTN.
that estrogen can block the TGF-b signaling pathway through ERb's inhibitory interaction with SMAD3, potentially limiting cellular senescence and apoptosis (Matsuda et al., 2001) . The network also reveals that estrogen receptors have a regulatory function on CAV1 and CAV2. While studying this interaction, we found that in neuronal cells, overexpression of ERa (encoded by ESR1) silences CAV1 expression, and CAV1 expression is restored when ERa and ERb are both over-expressed. This suggests that ERb has an inhibitory effect on ERa-dependent CAV1 expression (Low and Nicholson, 2015) . When we consider interactions between estrogen, TGF-b and CAV1 signaling along with the population-based studies, it appears that the estrogen pathway may play an important role in the regulation aqueous outflow and the development of OHT.
Juvenile open-angle glaucoma gene analyses
We found 62 studies reporting significant associations between 16 genes and the JOAG phenotype (Supplementary Table 6 ). CPDB analysis revealed that "estrogen metabolism," and "metabolism of xenobiotics by cytochrome P450" as the most highly overrepresented pathways (Supplementary Table 13 ). The top associated network from IPA analysis of this gene set was "Cellular Movement, Cell Signaling, Small Molecule Biochemistry" (Supplementary Fig. 11 ). The major POAG GWAS genes within this network included TNF, MYOC, WDR36, APOE, CYP1B1 and NTF4. Like other networks we have presented, there was significant convergence onto TNF-a. However, we found a set of interactions with MYOC to be of particular interest and wanted to study them further since MYOC had the greatest number of studies (36) associating it with JOAG. In this network, MYOC is shown to interact with PXDN, which was included in our input gene list, and NEFM (neurofilament, medium polypeptide) and CD44, which were not. All the three genes have been shown to be upregulated in response to MYOC overexpression in HEK293 cells (Joe et al., 2014) . NEFM is thought to be important in neural processes and the radial outgrowth of axons during development (Yuan et al., 2012) . While there have not been any SNPs within NEFM associated with POAG phenotypes, a mutation in NEFM has been associated with early onset Parkinson's disease (Lavedan et al., 2002) . CD44 encodes a group of cell surface proteins that have a variety of functions, including the regulation of cell motility, differentiation, and survival. These cellular processes play roles in axonal growth and guidance, organ development, and regulation of the immune response (Ponta et al., 2003) . While CD44 was not associated with JOAG specifically, it has been shown to be upregulated in a murine models of glaucoma and OHT (Howell et al., 2011; Giovingo et al., 2013) .
Peroxidasin is an enzyme secreted into the ECM that may play an important role in the organization of the fibronectin matrix (Peterfi et al., 2009) . Myofibroblasts, which share features with TM cells, secrete peroxidasin when activated by TGF-b (Peterfi et al., 2009) . Additionally, children from a Cambodian family who developed severe OHT and glaucoma harbored a truncating mutation within exon 10 of the PXDN gene (Khan et al., 2011b; Sia et al., 2010) . The authors hypothesized that peroxidasin plays an important protective, antioxidant role within the ECM of anterior chamber tissues which may help prevent OHT (Khan et al., 2011b) . Additionally, mice with Pxdn mutations developed severe anterior segment dysgenesis (Yan et al., 2014) . The above findings suggest that patients suffering from JOAG secondary to mutations in PXDN or its regulator MYOC may suffer from ECM disorganization compounded by relatively uncontrolled oxidative damage within the anterior chamber of their eyes.
Primary congenital glaucoma gene analyses
Seventy-six studies cited significant associations between 7 different genes/loci and the PCG phenotype (Supplementary Table 6 ). These genes included CYP1B1, VAV2, VAV3, LTBP2, FOXC1, and loci GLC3C and GLC3B. VAV2 and VAV3 encode guanine nucleotide exchange factors, that control signaling cascades involved in cell morphogenesis, migration, and adhesion (Fujikawa et al., 2010) . Vav2/Vav3 deficient mice develop a phenotype similar to PCG, and intronic SNPs within VAV2 and VAV3 were found to be significantly associated with POAG in a Japanese population (Fujikawa et al., 2010) . When VAV2 and VAV3 were included in the CPDB analysis, they biased the results such that the two most significantly overrepresented pathways included "VEGFR2 mediated vascular permeability" and "EPH-ephrin mediated repulsion of cells," which solely included the VAV2 and VAV3 genes. Supplementary Table 14 summarizes the results of these analyses and reveals the noted bias. Since only one study cited the VAV2/3-PCG association, we repeated the analysis without them. Interestingly, there were no pathways found to be significantly overrepresented when VAV2 and VAV3 were removed from the input list for CPDB, however GO analysis revealed that "collagen fibril organization," and "regulation of anatomical structure morphogenesis," were significantly enriched biological processes. CYP1B1 and FOXC1 were the genes involved in collagen fibril association (Supplementary Table 14) . These results are consistent with the fact that PCG arises from trabeculodysgenesis, a developmental malformation of the TM, and that ECM organization and regulation has been clearly shown to be an important process in the maintenance of healthy TM cells.
IPA core analysis of the gene sets with and without VAV2 and VAV3 did not differ nearly as much as CPDB's analysis of the same sets. For both gene sets, the top most associated upstream regulator was identified as HDAC6, encoding histone deacetylase 6, an enzyme which regulates gene expression by modifying chromatin structure (Supplementary Table 14 ; Li et al., 2013 ). HDAC6 appears to have important roles in inflammation and neurodegeneration, and there is evidence that its proper functioning is important in the clearing of misfolded protein aggregates through autophagy (Simoes-Pires et al., 2013) .
The top associated diseases and biological functions for both of these gene sets were "familial glaucoma," "juvenile-onset primary open angle glaucoma," and "primary congenital glaucoma." When VAV2/3 were included in the analysis, the top associated network was "Cellular Movement, Cancer, Organismal Injury and Abnormalities" (Supplementary Fig. 12 ). In this network, both VAV2 and VAV3 are shown to interact with TCR (T-cell receptor) and RHOG (Ras homolog family member G). Both VAV2 and VAV3 activated RHOG, which has been shown to be an important regulator of neurite outgrowth, a process that has is hindered in some POAG patients (Katoh et al., 2000; Zimering et al., 2013) . VAV3 has been shown to stimulate IL-2 expression, making these proteins potentially important inflammatory mediators (Zakaria et al., 2004) .
When VAV2 and VAV3 were removed from the gene input list, the most associated network was "Cancer, Organismal Injury and Abnormalities, Cellular Function and Maintenance," shown in Supplementary Fig. 13 . Not surprisingly, MYOC and CYP1B1 appeared to be central players in this network, however, these genes did not interact with each other and did not share any direct interaction neighbors. The interaction between CYP1B1, an important POAG/PCG locus, and BRCA1, one of the most prominent cancer-related genes, is of interest. IPA based this interaction on a study by Kang et al., which revealed that BRCA1 is recruited to the promoter of CYP1B1 following human breast cancer cell exposure to xenobiotics such as tetrachlorodibenzodioxin (TCDD) (Kang et al., 2006) . However, there is evidence that the BRCA1-CYP1B1 interaction is likely important for the metabolism of endogenous hormones, such as estrogen (Vasiliou and Gonzalez, 2008) . CYP1B1 metabolizes sex hormones, and it is thought that the levels of these hormones and their metabolites may have an important role in protecting the anterior segment tissues from oxidative stress (Ganatra et al., 2013; Jansson et al., 2001 ). Estrogen has also been shown to be important for normal retinal development in zebrafish, and may have a protective effect on the development of OHT and POAG (Hamad et al., 2007) .
This network also revealed an interaction between MYOC and PGR, which encodes the progesterone receptor. MYOC overexpression induces upregulated expression of PGR (Joe et al., 2014) . Like estrogen, progesterone has also been shown to play an important role in neural development, with high levels of PGR expression in the neurons and radial glial cells of developing zebrafish (Diotel et al., 2011) . The progesterone hormone may actually be produced by certain glial cells and have an important neuroprotective role, especially in age-related neurodegenerative disorders like Alzheimer's disease (Diotel et al., 2011; Schumacher et al., 2012; Singh and Su, 2013) . Additionally, animal models have demonstrated that progesterone can help limit the progression of TBI and ischemic cerebral injuries by dampening neuroinflammation and oxidative stress (Singh and Su, 2013; Webster et al., 2015) . However, it is not entirely clear how progesterone affects the pathogenesis of glaucoma. It has been reported that estrogen and combination progesterone-estrogen replacement therapy in post-menopausal women significantly reduces the risk of developing POAG, with women taking combination oral contraceptives realizing the greatest benefit (Newman-Casey et al., 2014). However, others have reported that women who reported taking oral contraceptives for three years or more had an elevated risk for POAG and OHT . Animal studies have shown that topical and endogenous progesterones cause mild elevations in IOP (Knepper et al., 1985; Ofri et al., 1999) . Overall, it is clear that progesterone's impact on POAG pathogenesis is incredibly complex and needs further research to fully understand its role.
Interpretations: the sinister roles of inflammation and senescence in POAG
After surveying our findings, it is apparent that inflammation and its dysregulation seems to be playing an extremely important role in the development of OHT and glaucoma. Specifically, it appears that TNF-a, TGF-b, and NFkB signaling are consistently identified in the networks and biological processes elucidated by the pathway analysis and functional annotation performed on our various gene sets. Neuroinflammation and its role in neurodegenerative processes has been studied and discussed extensively during the last two decades (Neufeld and Liu, 2003) . Inflammatory processes have been implicated in the development of POAG for many years, but the role of inflammation in this disease is remarkably complex and multifaceted, making successful intervention frustratingly elusive (Janssen et al., 2013; Kwon et al., 2009; Mowatt and McIntosh, 2013; Neufeld and Liu, 2003) .
Currently the only recognized modifiable risk factor for POAG is IOP, and lowering IOP has been shown to be protective even in NTG (Neufeld and Liu, 2003) . This implies that there are different degrees of RGC susceptibility amongst individuals, and that elevated IOP is an important inciting factor in the initiation of the pathogenesis of glaucoma. However, it is becoming increasingly apparent that elevated IOP is just one of many possible POAG-instigating insults, and we believe that our study has helped shed more light on this proposition. We have shown that the pathophysiology of POAG shares many similarities with other neurological diseases which have clear inciting factors, like stroke and TBI; but also closely parallels the development of more insidious but equally devastating conditions, such as Alzheimer's disease and multiple sclerosis.
From our review of the literature, it is apparent that POAG represents a perpetual dysregulation of the retinal and optic nerve microenvironments, triggered by an activating stimulus that may or may not be perpetually present. Outside of elevated IOP, these insults likely include hypoxia and oxidative damage, metabolic derangements, alterations in hormonal homeostasis, and perhaps most importantly, inflammation. We highlight the significance of inflammation in the pathogenesis of POAG primarily because it appears to be an important pathological player within the anterior and posterior compartments of the globe, regardless of what the initial insult was, especially in adult-onset disease. Additionally, it is more apparent that cellular senescence may be a chief offender in the maintenance of a pro-inflammatory milieu within a wide variety of aging tissues, including the CNS (Chinta et al., 2015) .
Cellular senescence has been linked to many age-related diseases throughout the last two decades, such as atherosclerosis, but it has only been studied recently in the context of chronic neurodegenerative diseases (Chinta et al., 2015) . The characterization of the senescence-associated secretory phenotype (SASP) in the last ten years has revealed that aging tissues are chronically inflamed, which limits their ability to heal or regenerate (Young and Narita, 2009) . In senescent cells, the SASP is characterized by the secretion of pro-inflammatory cytokines, including IL-1, IL-6, IL-8, and TNF-a Chinta et al., 2015; Hubackova et al., 2012) . Cells expressing the SASP also undergo activation of the AP-1/c-JUN, JAK/STAT, TGFb/SMAD, and IL1/NFkB signaling pathways, which tend to further promote senescence and inflammation Freund et al., 2010; Hubackova et al., 2012) . Therefore, it appears that there is a destructive positive-feedback loop characterized by senescence-induced inflammation and inflammationinduced senescence . This has several unfortunate consequences for neural tissue, such as the optic nerve. First, the pro-inflammatory state can attract destructive leukocytes, result in demyelination, and damage supporting vasculature (Chinta et al., 2015) . Second, it stifles the population of neurosupportive glia, such as astrocytes and retinal Müller glia, by impairing their function and halting their entry into the cell cycle (Bhat et al., 2012; Lindholm et al., 1992) . And third, senescence causes cells to become more prone to TNF-a-induced apoptosis due to up regulation of pro-apoptotic proteins, such as FAS receptor, inevitably leading to degeneration of already inflamed (i.e. TNF-asaturated) tissues (Jeon and Boo, 2013) .
It is also important to note that glutamate-induced neurotoxicity may be playing an important role in RGC death in glaucoma, and may be closely tied to retinal and optic nerve inflammation and senescence. High glutamate levels trigger excess influx of calcium and can trigger apoptosis in the neurons and glia (Mowatt and McIntosh, 2013) . During a neuroinflammatory state, degenerating RGCs release excess glutamate, and dysfunctioning Müller cells and astrocytes have an impaired ability to remove glutamate from the extracellular space, leading to retinal and optic nerve degeneration (Mowatt and McIntosh, 2013) .
The senescent-inflammatory phenotype might also play an important role in the development of JOAG and PCG. For JOAG, our pathway analyses revealed that dysregulation of molecules such as myocilin (MYOC) or peroxidasin (PXDN) can lead to fibronectin disorganization and oxidative stress, both of which can lead to inflammatory cytokine release, senescence, and apoptosis (Austin et al., 2009; Joe and Tomarev, 2010) . For PCG, our pathway analyses revealed the importance of CYP1B1, and its relation to estrogen and progesterone regulation. Interestingly, estrogen appears to inhibit senescence in endothelial progenitor cells, while progesterone can promote senescence in ovarian cancer cells-suggesting the balance of these sex hormones may have important roles in tissue inflammation and aging (Diep et al., 2013; Imanishi et al., 2005) .
Therefore, the senescent-inflammatory phenotype of POAG incorporates many of the pathological mechanisms highlighted by our pathway analyses for each of the investigated phenotypes. What is particularly difficult about this finding is that stressinduced senescence is a self-perpetuating process and can be initiated by practically anything that triggers the development of a pro-inflammatory cytokine milieu, a non-specific response to a host of different stressors. These stressors include almost all of the insults we have discussed in this review, including excess or irregular ECM protein expression, cholesterol dysregulation, hormonal and metabolic disturbances, oxidative stress, and misfolded proteins. Table 7 displays some examples of insults with the POAGassociated genes related to them.
TGF-b signaling as a model of the senescent-inflammatory phenotype in POAG
Our pathway analyses repeatedly highlighted the senescencerelated AP-1/c-JUN, TGFb/SMAD, and IL1/NFkB signaling cascades as important participants within our input gene sets, suggesting cellular senescence may be an important contributor to the development of POAG phenotypes. We find the TGFb/SMAD pathway to be of particular interest, since functional studies have shown that TGF-b signaling is an important factor in the development of pathological changes associated with POAG in both the anterior and posterior segments of the eye (Fatma et al., 2009; Fuchshofer and Tamm, 2012) . Additionally, TGF-b has been shown to trigger ROS accumulation and to activate the NFkB pathway by promoting significant expression of proinflammatory cytokines, such as IL-8 (Hubackova et al., 2012; Salminen et al., 2012) .
TGF-b2 has received particular attention in ocular research, since it found to be elevated in the aqueous humor of patients with POAG, but not in other forms of glaucoma (Fuchshofer and Tamm, 2012) . TM cells treated with TGF-b1 and TGF-b2 exhibit markedly increased ROS production and senescence (Fatma et al., 2009; Li et al., 1996) . The TGF-b signaling pathway is also intriguing when considering POAG pathology because several genes encoding some of its important downstream effectors are some of the most important POAG GWAS hits, specifically CDKN2A, CDKN2B, and CDKN2B-AS1 (Burdon et al., 2011; Janssen et al., 2013) . We previously mentioned that CDKN2B-AS1 appears to play a regulatory role in TGFb/SMAD signaling by inhibiting SMAD-induced expression of CDKN2B (Fig. 10) (Chen et al., 2014a) . Elevated levels of CDKN2B trigger senescence, and have been shown to do so in a variety of cell types, including human glioma cells (Fuxe et al., 2000) . Interestingly, SNPs at rs4977756 within CDKN2B-AS1 have been associated with increased risk of glaucoma (excess RGC death) when patients are homozygous for the A allele, and with increased of high-grade gliomas (impaired glial death) when patients are homozygous for the G allele (Burdon et al., 2011) . This would support the hypothesis that this region plays a role in regulation of cell senescence and apoptosis, possibly by affecting the expression levels or functionality of CDKN2B-AS1 transcripts (Fig. 10) .
6. Future directions and conclusions: targeted therapy for POAG and combating the senescent-inflammatory phenotype POAG is an enormously complex disease, with various tissue types, molecular pathways, and genes playing important, interrelated roles in its pathogenesis. And while lowering IOP should undoubtedly remain an important therapeutic and preventative modality, future treatment regimens should reflect the multifaceted nature of this disease. The field is making promising strides in the development of molecular and targeted therapies. Providing neurotropic sustenance to RGCs has great therapeutic potential in glaucoma. For instance, BDNF has been shown to prevent RGC death in certain models of glaucoma (Mey and Thanos, 1993) . However, studies to date have shown that multiple doses of BDNF need to be delivered into the vitreous in order to achieve a therapeutic benefit (Domenici et al., 2014; Galindo-Romero et al., 2013) . Interestingly, mesenchymal stem cells (MSCs) have been shown to secrete a variety of neurotrophic factors, including BDNF and NGF, and to prevent RGC death in vitro (Mead and Scheven, 2015) . MSCs injected intravitreally can survive up to 21 days, and have been shown to prevent RGC death and promote axonogenesis in rodents with experimental glaucoma or optic nerve crush (Mead et al., 2013; Mead and Scheven, 2015) .
Modulation of the senescent-inflammatory phenotype, and its plethora of mediators, is another promising therapeutic strategy for POAG. We had previously mentioned that etanercept, an anti-TNF-a agent prevented RGC death in rats with OHT, seems quite promising (Roh et al., 2012) . A phase II clinical trial of etanercept in patients with Alzheimer's disease demonstrated modest improvement in neuropsychiatric measures, but no significant improvement in measures of cognition (Butchart et al., 2015) . Clinical trials in humans investigating the efficacy of intravitreal etanercept in glaucoma have yet to be performed.
NFkB revealed itself to be an important central regulator in many of the processes contributing to POAG's pathogenesis. Inhibitors of NFkB have yet to be investigated within the specific context of glaucoma, but have been shown to have promising antiinflammatory effects, including the attenuation of neuroinflammatory processes in animal models (Lei et al., 2009; Rummel et al., 2011) . Specifically, mice given parthenolide, a plant extract which inhibits IkB kinase (an upstream activator of NFkB) experience less systemic and glial inflammatory cytokine production (Mathema et al., 2012; Rummel et al., 2011) . NFkB/IkB inhibitors have also been shown to inhibit the development and progression of inflammatory diseases including atherosclerosis and psoriasis in animal models, making these potentially effective therapies for a wide range of chronic inflammatory conditions (Cuaz-Perolin et al., 2008; Wang et al., 2009) . However, the effect of these NFkB inhibitors on nervous tissue remains unclear and will require further research to elucidate any adverse side effects (Lei et al., 2009; Zanotto-Filho et al., 2011) .
Targeting the TGF-b signaling pathway is another promising therapeutic target for POAG. As discussed previously, TGF-b appears to be playing an important role in the development of OHT by inducing ECM protein deposition and the senescent-inflammatory phenotype within the TM. Additionally, it is plausible that overactive TGF-b signaling in the retina and ONH is contributing to the development of the senescent-inflammatory phenotype within these tissues, contributing to RGC death in a variety of different ways. Therefore, the inhibition of TGF-b signaling may attenuate the development and maintenance of the pathological processes occurring in each of the tissues and cell types implicated in POAG. The anti-TGF-b monoclonal antibody, fresolimumab (Genzyme, Cambridge, MA, USA), targets three TGF-b isoforms, and has been studied in various diseases (Buijs et al., 2012; Rice et al., 2015; Trachtman et al., 2011) . Rice et al. report that patients with systemic sclerosis who received fresolimumab exhibited significant reduction of expression of THBS1 (thrombospondin-1), SERPINE1 (plasminogen activator inhibitor-1), and CTGF (connective tissue growth factor) biomarkers when compared to the pre-treatment levels (Rice et al., 2015) . These patients also exhibited significant clinical improvement as determined by a clinical measure of skin fibrosis (Rice et al., 2015) . Interestingly, TM and LC cells from patients with POAG express significantly higher levels of THBS1 (Supplementary Table 2 ) (Fatma et al., 2009; Kirwan et al., 2009) . Additionally, overexpression of CTGF in rats caused an excess deposition of fibronectin and collagen IV in the TM, causing an increase in resistance to aqueous outflow (Supplementary Table 2 ) . Therefore, it is conceivable that fresolimumab could attenuate the development of OHT, and quite possibly inhibit the development of the senescent-inflammatory phenotype throughout the eye.
In conclusion, POAG is an incredibly complex neurological disease as evidenced by the many genes implicated in its pathogenesis and in its clinical presentation. It is clear from our study that inflammation and senescence play pivotal roles in the development and progression of this devastating disease. Apart from the administration of IOP lowering drugs, there seems to be ample opportunity to develop novel and effective therapeutic Fig. 10 . TGF-b and the senescent-inflammatory phenotype in action during POAG. In panel A of the figure we see important cells of the posterior (astrocytes and microglia) and anterior segments (TM cells) of the globe. In healthy eyes, these cells are in a quiescent state. However, an initial insult, such as elevated IOP, triggers inflammatory (or gliotic) responses from these cells causing the release of inflammatory cytokines, including TGF-b. In panel B we see TGF-b interaction with its receptor on the surface of a non-descript cell, which could represent other glia, TM cells, or even RGCs. This triggers SMAD activation which eventually results in the transcription of other inflammatory cytokines as well as senescence-inducing molecules such as CDKN2B. Senescence also contributes to the inflammatory milieu through the SASP. CDKN2B-AS1 may modulate inflammation and senescence by inhibitory interactions with the SMAD complex or CDKN2B directlydhowever the exact mechanism of action of CDKN2B-AS1 is still unclear. SNPs in the 9p21 region which are associated with POAG may impair the function or expression of CDKN2B-AS1 thus contributing to development and progression of the senescent-inflammatory phenotype.
interventions to tackle the neuroinflammation, tissue remodeling, and cell death that ultimately result in blindness. Meta-analysis of several published and ongoing large GWAS studies in different ethnic populations, especially in African Americans (POAAGG study) (Charlson et al., 2015) , will help us understand the genetic and epistasis mechanisms that are responsible for causing this debilitating disease.
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